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The objective of this study was to assess the association between previous
antibiotic use, particularly long-term prophylaxis, and the occurrence of subsequent
resistant infections in children with index infections due to extended-spectrumcephalosporin-resistant Enterobacteriaceae. We also investigated the concordance
of the index and subsequent isolates. Extended-spectrum-cephalosporin-resistant
Escherichia coli and Klebsiella spp. isolated from normally sterile sites of patients
aged ⬍22 years were collected along with associated clinical data from four
freestanding pediatric centers. Subsequent isolates were categorized as concordant if the species, resistance determinants, and fumC-ﬁmH (E. coli) or tonB (Klebsiella pneumoniae) type were identical to those of the index isolate. In total, 323
patients had 396 resistant isolates; 45 (14%) patients had ⱖ1 subsequent resistant infection, totaling 73 subsequent resistant isolates. The median time between the index and ﬁrst subsequent infections was 123 (interquartile range, 43
to 225) days. In multivariable Cox proportional hazards analyses, patients were
2.07 times as likely to have a subsequent resistant infection (95% conﬁdence interval, 1.11 to 3.87) if they received prophylaxis in the 30 days prior to the index
infection. In 26 (58%) patients, all subsequent isolates were concordant with
their index isolate, and 7 (16%) additional patients had at least 1 concordant
subsequent isolate. In 12 of 17 (71%) patients with E. coli sequence type 131
(ST131)-associated type 40-30, all subsequent isolates were concordant. Subsequent extended-spectrum-cephalosporin-resistant infections are relatively frequent and are most commonly due to bacterial strains concordant with the index isolate. Further study is needed to assess the role prophylaxis plays in these
resistant infections.
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I

nfections caused by extended-spectrum-cephalosporin-resistant (ESC-R) Escherichia
coli and Klebsiella species, including extended-spectrum beta-lactamase (ESBL)- and
AmpC-producing organisms, are an emerging problem in children. These infections are
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increasing in frequency and are associated with prolonged hospitalization and mortality (1–6). Additionally, antimicrobial resistance among these organisms is often mediated by mobile genetic elements, resulting in multiple avenues for resistance transfer
and infection transmission.
Subsequent resistant infections, due either to the same organism as the initial
infection or to a new resistant organism, are a concerning clinical outcome associated
with ESC-R Enterobacteriaceae infection. Reported rates of subsequent ESC-R infections
range between 16% and 45% (7–11), but few studies have evaluated potential risk
factors for subsequent ESC-R infections (9, 12). In our prior single-center study, we
identiﬁed the receipt of ⱖ14 days of antibiotics in the previous 91 days as an
independent predictor for subsequent ESC-R urinary tract infection (UTI) in children.
The vast majority (91%) of the patients who received ⱖ14 days of antibiotics in the
previous 91 days received long-term prophylaxis and were likely driving this association; however, this study was limited by a small sample size (9). Long-term prophylactic
antibiotics are often prescribed for children with certain UTI risk factors and/or frequent
UTIs (13, 14), and this prolonged exposure may increase the risk of multiple ESC-R
infections (1, 9).
Few studies of ESC-R infections have compared the molecular characteristics between index and subsequent isolates in adults or children (9, 11). In our previous study,
we found that the majority of patients had at least one subsequent isolate with the
same molecular characteristics as the index isolate (9).
The objective of this study was to assess the association between previous antibiotic
use, including a separate examination of long-term prophylaxis, and the occurrence of
subsequent ESC-R infections among a cohort of patients with index ESC-R E. coli and
Klebsiella sp. infections identiﬁed at four U.S. tertiary care pediatric centers. Furthermore, we compared the species, bacterial sequence types (fumC-ﬁmH type for E. coli or
tonB type for Klebsiella pneumoniae), and resistance determinants to evaluate the
concordance between index and subsequent isolates.
RESULTS
A total of 323 patients with 396 ESC-R E. coli (83%) or Klebsiella sp. (17%) isolates
were identiﬁed; 45 (14%) patients had ⱖ1 subsequent ESC-R E. coli and Klebsiella sp.
infection, totaling 73 subsequent ESC-R E. coli and Klebsiella spp. isolates. The median
number of subsequent infections for patients was 1 (interquartile range [IQR], 1 to 2
infections); the median number of days between the index and the ﬁrst subsequent
infections was 123 (IQR, 43 to 225 days).
Demographics and clinical characteristics. The median age of patients with
subsequent infections was 5.1 (IQR, 1.7 to 10.2) years and was 4.9 (IQR, 1.1 to 11.7) years
for patients without a subsequent infection. Urine was the source of 348 (88%) isolates,
and 344 (99%) of these met the criteria for likely UTI. Of the 344 that met the criteria
for likely UTI, 244 (71%) met microbiological criteria and the patients had symptoms of
UTI, 96 (28%) met the microbiological criteria and symptom data were not available,
and 4 (1%) met the criteria based on symptoms alone (cultures did not meet standard
microbiological criteria). Of the 248 patients with symptoms reported, 144 (58%) had
fevers, 66 (27%) had abdominal or ﬂank pain, 66 (27%) had dysuria, frequent or urgent
urination, or changes in continence patterns, 50 (20%) had changes in the color or odor
of urine, 16 (6%) had hematuria, and 27 (11%) had vomiting.
Patients with subsequent ESC-R infections were more likely than those with only one
isolate to have been hospitalized in the year prior to the index infections and have
underlying medical conditions (Table 1). Furthermore, patients with subsequent ESC-R
infections were more likely than those without to have received any antibiotics in the
30 days prior to the index (62% versus 46%, respectively) and to have received
prophylactic antibiotics in the 30 days prior to the index (47% versus 22%, respectively)
(Table 2). Of the 81 patients who received prophylactic antibiotics, 72 (90%) were on
the prophylactic regimen for the entire 30-day period and the remaining 9 (10%)
patients had been receiving the prophylactic regimen for several months and disconMay 2017 Volume 61 Issue 5 e02656-16

aac.asm.org 2

Recurrent Resistant Enterobacteriaceae Infections

Antimicrobial Agents and Chemotherapy

TABLE 1 Demographic and clinical characteristics of children with and without
subsequent infectionsa
No. (%) unless otherwise noted
Subsequent infection?
Yes (n ⴝ 45)
5.1
1.7–10.2

No (n ⴝ 278)
4.9
1.1–11.7

P value
0.98

Female sex
Hispanic ethnicity

32 (71)
7 (16)

202 (73)
39 (15)

0.83
0.90

Race
Caucasian
African American
Asian
Native American
Paciﬁc Islander
More than one race

29 (64)
4 (9)
10 (22)
0 (0)
2 (4)
0 (0)

154 (59)
46 (18)
49 (19)
6 (2)
6 (2)
1 (0)

Site of index infection
Urine
Blood
Other

38 (85)
6 (13)
1c (2)

246 (89)
20 (7)
12d (4)

Onsete
Community associated
Healthcare associated
Hospital associated

1 (2)
39 (87)
5 (11)

91 (33)
136 (49)
51 (18)

Previously hospitalized in last year
Median hospitalizations in last year
IQR

28 (62)
1
1–5

123 (44)
2
1–4

Medical condition category
Urological
Otherf

32 (71)
10 (22)

87 (31)
84 (30)

Immunocompromisedg

9 (20)

54 (20)

0.53

In-dwelling devicesh
Central venous catheter
Foley catheter
Nasogastric tube
Other

23 (51)
10 (22)
4 (9)
9 (20)
11 (24)

103 (37)
49 (18)
15 (5)
49 (18)
42 (41)

0.10
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Characteristic
Median age (years)
IQRb

0.50

0.37

⬍0.01

0.03
0.56
⬍0.01

aTable

does not account for missing data.
interquartile range.
cPeritoneal ﬂuid (n ⫽ 1).
dPeritoneal ﬂuid (n ⫽ 5), bone (n ⫽ 3), surgical wound (n ⫽ 3), and cerebrospinal ﬂuid (n ⫽ 1).
eHospital-associated onset deﬁned as a culture obtained ⬎48 h after hospitalization from a patient without
signs or symptoms of infection on hospital admission or ⱕ48 h after hospital discharge from a patient
without signs and symptoms of infection on admission. Community-associated onset deﬁned as a culture
obtained in an outpatient setting or ⱕ48 h after hospital admission from an otherwise healthy patient
without hospitalization in the previous year. Health care-associated onset deﬁned as a culture obtained in
an outpatient setting or ⱕ48 h after hospitalization from a patient who had been hospitalized in the last
year and/or had a chronic medical condition requiring frequent contact with health care facilities or
prolonged/recurrent antibiotic courses.
fIncludes neuromuscular, cardiovascular, respiratory, gastrointestinal, hematology/oncology, metabolic, and
other congenital/chromosomal and rheumatologic conditions.
gIncludes malignancy, immunosuppression (chemotherapy, glucocorticoids ⱖ2 mg/kg for ⱖ2 weeks, tumor
necrosis factor [TNF] inhibitors, calcineurin inhibitors, mycophenolate mofetil [MMF], antineoplastic agents),
and any transplant.
hTotal is ⬎100% as patients could have more than one device.
bIQR,

tinued the regimen during the 30-day period. In the Cox proportional hazards analyses,
after adjusting for potential confounders, receipt of any antibiotics in the 30 days prior
to their index infection was not statistically signiﬁcantly associated with having a
subsequent resistant infection (Table 2). However, when examining prophylaxis only,
May 2017 Volume 61 Issue 5 e02656-16
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TABLE 2 Antibiotic exposure in pediatric patients with and without subsequent infections
No. (%)

Hazard ratio (95% CI)

Subsequent infection?
Exposure
Yes (n ⴝ 45) No (n ⴝ 278) Univariate
Multivariatea
b
Any antibiotic in last 30 days 28 (62)
128 (46)
1.84 (1.01–3.36) 1.16 (0.61–2.21)
Prophylaxis in last 30 days
21 (47)
60 (22)
2.80 (1.56–5.03) 2.07 (1.11–3.87)
aAdjusted

Downloaded from http://aac.asm.org/ on April 25, 2017 by Washington University in St. Louis

for any medical condition, hospitalized in year prior to index infection, indwelling device, and
immunosuppression.
bIncludes treatment and prophylaxis in the 30 days prior to the index infection.

patients were 2.07 times more likely (95% conﬁdence interval [CI], 1.11 to 3.87) to have
subsequent ESC-R infections if they received prophylaxis in the 30 days prior to the
index ESC-R infections, even after adjusting for potential confounders.
Patients with index infections due to ESC-R K. pneumoniae, as opposed to E. coli,
were overrepresented in the group with subsequent infections (P ⫽ 0.03) (Table 3).
When comparing strains of E. coli, fumC-ﬁmH type 40-30 (also known as sequence type
131 [ST131]-H30 or clade C) was signiﬁcantly more common in patients with subsequent ESC-R infections (P ⫽ 0.01) (Table 3).
Comparison of microbiological characteristics of index and subsequent isolates. In 26 (58%) of 45 patients with subsequent infections due to ESC-R organisms, all
subsequent isolates were concordant with their index isolate (Table 4; see also Table S2
in the supplemental material). An additional 7 patients (16%) had at least 1 subsequent
isolate that was concordant with the index isolate. The remaining 12 (26%) patients had
subsequent isolates that were only discordant with the index isolates. In total, 48 (66%)

TABLE 3 Microbiological proﬁles of index isolates of children with and without
subsequent infections
No. (%)
Subsequent infection?
Characteristic
Species
E. coli
K. pneumoniae

Yes (n ⴝ 45)

No (n ⴝ 278)

33 (73)
12 (27)

240 (86)
38 (14)

E. coli fumC-ﬁmH sequence typea
Alleles 40-30
Others

17 (52)
16 (48)

66 (28)
174 (72)

K. pneumoniae tonB sequence typeb
Allele 39
Others

2 (17)
10 (83)

2 (5)
36 (95)

Resistance phenotype
ESBL
AmpC
ESBL and AmpC
Carbapenem resistant
Undetermined

32 (71)
11 (25)
1 (2)
1 (2)
0

179 (64)
83 (30)
5 (2)
8 (3)
3 (1)

Resistance determinantsc
CTX-M-15
CTX-M others
CMY-2
DHA
FOX
SHV
None detected

20 (44)
9 (20)
9 (20)
1 (2)
1 (2)
4 (9)
5 (11)

103 (37)
61 (22)
71 (26)
4 (1)
3 (1)
12 (4)
32 (12)

P value
0.03

0.005

0.24

0.84

0.34
0.77
0.42
0.53
0.45
0.25
⬎0.99

aDenominator

is all E. coli isolates.
is all K. pneumoniae isolates.
cTotal is ⬎100% as more than one determinant can be detected.
bDenominator
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TABLE 4 Distribution of resistance determinants by species and sequence type among index and subsequent isolate series
Subsequent isolate series
Mixed discordant and concordant isolates

Concordant
isolates

Discordant isolates

No. of
patients

No. of
patients

No. of
isolates

No. of
patients

Total

Concordant

Discordant

No. of
patients

No. of
isolates

11
4
18

10
2
8

18
3
8

1
2
2

3
7
4

2
5
2

1
2
2

0
0
8

0
0
12

33

20

29

5

14

9

5

8

12

1
1
10

1
1
4

1
1
6

0
0
2

0
0
5

0
0
2

0
0
3

0
0
4

0
0
5

Total K. pneumoniae

12

6

8

2

5

2

3

4

5

Overall total

45

26

37

7

19

11

8

12

17

Determinant
CTX-M-15
CTX-M-27

Total E. coli
K. pneumoniae tonB
tonB39
tonB39
Others

CMY-2
FOX-5

of subsequent isolates were concordant with the index isolates and the remaining 25
isolates (34%) were discordant.
The discordances between index and subsequent isolates included instances of
different resistance determinants with the same fumC-ﬁmH or tonB type (n ⫽ 11
isolates), different fumC-ﬁmH or tonB types with shared resistance determinants (n ⫽ 5
isolates), different species with a shared resistance determinant (n ⫽ 6 isolates), and
both different resistance determinants and different fumC-ﬁmH or tonB types (n ⫽ 3
isolates) (Table S2).
Of the 17 patients with index infections caused by E. coli fumC-ﬁmH type 40-30, in
12 (71%), all subsequent isolates were concordant with their index isolate (Table 4; see
also Table S1). An additional 3 (18%) patients had at least 1 subsequent isolate that was
concordant with the index isolate. The remaining 2 (12%) patients had isolates that
were only discordant to the index isolates. In total, 28 (80%) of the 35 fumC-ﬁmH type
40-30 subsequent isolates were concordant with the index isolates and the remaining
7 (20%) were discordant (Table S2).
Among the fumC-ﬁmH type 40-30 isolates, all instances of discordance between
subsequent and index isolates were instances of different resistance determinants with
the same fumC-ﬁmH type (40-30) (Table S2).
DISCUSSION
In this study, we observed that 14% of patients with an initial ESC-R infection
experienced a subsequent ESC-R infection during our observation period. Most patients
(58%) had only 1 subsequent infection, and the median time between the index and
the ﬁrst subsequent infections was 123 days. We found that previous antibiotic use and
prophylaxis use were associated with subsequent infections in univariate analyses, but
only prophylaxis remained an independent risk factor for subsequent infections after
adjusting for potential confounders. Subsequent infections were most commonly (66%)
due to bacterial strains of the same fumC-ﬁmH or tonB type and resistance determinants
as index ESC-R isolates. E. coli ST131-associated fumC-ﬁmH type 40-30, also known as
ST131-H30 or clade C, had an even higher ratio of concordance (80%) between index
and subsequent isolates.
Other studies have identiﬁed antibiotic use as an independent risk factor for
subsequent ESC-R Enterobacteriaceae infections, but variations in study population and
design make direct comparisons to these studies challenging. A previous study from
our research group found that receipt of ⱖ14 days of antibiotics within the 3 months
May 2017 Volume 61 Issue 5 e02656-16
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Index isolate
sequence type
E. coli fumC-ﬁmH
40-30
40-30
Others

No. of isolates
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prior to subsequent infections was an independent risk factor for subsequent resistant
infections (9). Another recent study conducted in adults with bacteremia caused by
ESBL E. coli and Klebsiella spp. found that deﬁnitive treatment of the index infections
with ﬂomoxef (an oxacephem or fourth-generation cephalosporin) was an independent
risk factor for recurrence (11). In this study, we were able to examine only antibiotic use
prior to the index infection, and while overall antibiotic use in the 30 days prior to index
infections was not an independent risk factor for subsequent resistant infections,
patients who received prophylaxis prior to the index infections were twice as likely to
have subsequent ESC-R infections than patients who did not receive prophylaxis, even
after adjusting for underlying medical conditions and other potential confounders.
There are several possible explanations for this observation. First, given the prolonged
nature of the prophylactic regimens included in this analysis, patients who received
prophylaxis in the 30 days prior to the index infections likely continued to receive it
after the index infections, leading to ongoing selective pressure on the intestinal
microbiome and resulting in a greater susceptibility to resistant infections. Alternatively, this observation might be a result of residual confounding due to underlying
urologic conditions, as children with urological abnormalities often experience recurrent UTIs and thus receive prophylaxis. Unfortunately, we did not have a sufﬁcient
number of subjects to be able to differentiate between urologic and other underlying
medical conditions in our multivariable model. The type of antimicrobial used for
prophylaxis is also likely important; one previous study found that among patients with
vesicoureteral reﬂux, children who received cephalosporin prophylaxis were more likely
to have breakthrough ESBL urinary tract infections than those who received prophylaxis
with co-trimoxazole (16). Again, our sample size precluded an examination of speciﬁc
prophylactic agents.
Consistent with other studies, 66% of subsequent isolates were concordant with the
index isolates (9, 11, 12). This ﬁnding suggests a persistent reservoir of resistant
bacteria, likely in the gastrointestinal tract or the genitourinary tract, which was not
eliminated during the treatment of the preceding infection. In our previous study, we
found that among the patients with stool and subsequent infection isolates available
for comparison, nearly half had stool and subsequent infection isolates that were both
concordant with the index isolates (9). Unfortunately, stool isolates were not included
in this study. Nevertheless, to reduce the risk of subsequent infections, persistent
reservoirs may need to be addressed therapeutically; fecal transplantation may be such
an intervention for intestinal reservoirs, while surgical interventions or maneuvers to
promote thorough bladder drainage may be required for urinary reservoirs.
While the majority of subsequent isolates were concordant with the index isolates,
we observed instances where subsequent isolates differed from the index isolates by
fumC-ﬁmH or tonB types but shared resistance determinants, suggesting possible
transfer of plasmids between organisms of the same or different species within a
patient, presumably due to ongoing selective pressure due to antibiotic exposure. We
also observed instances where subsequent isolates differed from the index isolates
both by fumC-ﬁmH or tonB types and by resistance determinants, suggesting the
vulnerability of the patient to the acquisition of new resistant organisms, presumably
due to ongoing dysbiosis with or without selective pressure.
We observed that a higher proportion of patients with ESC-R K. pneumoniae index
infections experienced subsequent infections than those with ESC-R E. coli index
infections, similar to previous ﬁndings (9, 17). This observation may be due to differences in host factors, as patients with ESC-R K. pneumoniae are more likely than those
with ESC-R E. coli to have hospital-acquired infections or previous health care exposure
and/or chronic medical conditions (18, 19). Finally, we observed an especially high rate
of concordance (71%) among patients with index infections with the ST131-associated
E. coli type 40-30 strain. This clone, which has spread rapidly to become the dominant
cause of multidrug-resistant extraintestinal E. coli infections in many populations (18,
20), has been shown to persist clinically irrespective of host factors and appropriate
antibiotic treatment (21).
aac.asm.org 6
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This study has several limitations. First, it was designed only to capture subsequent
infections that were detected at the study hospitals; therefore, our infection data may
be incomplete. However, our observed rate of subsequent infections (14%) is similar to
other pediatric studies that have reported rates of 17 to 18%. Similarly, we were limited
by our incomplete capture of antibiotic exposure; we did not capture antibiotic use that
occurred outside the study hospitals or that occurred after the index infections. This
may have resulted in an underestimate of true exposure. It is also possible that our
deﬁnition for UTI captured patients who had colonizations with ESC-R organisms rather
than true infections; however, given that most patients met microbiological criteria and
had signs and symptoms of UTI, we believe that the misclassiﬁcation of colonization as
a UTI was likely infrequent. Further, the study was not of sufﬁcient power to adjust for
speciﬁc medical conditions, which may have resulted in residual confounding. Finally,
some variability in resistance genotype proﬁles (speciﬁcally, patients with 1 isolate each
that was negative for a speciﬁc resistance determinant but was otherwise concordant)
may have been due to plasmid loss during the freeze/thaw cycles of archival storage.
This study also had several strengths, including its multicenter multiyear design,
relatively large sample size, and combination of detailed clinical and molecular data.
Antibiotic prophylaxis may contribute to the risk of subsequent ESC-R infections in
children, and in most cases, the molecular proﬁles of index and subsequent isolates are
concordant. These ﬁndings highlight the need to study antimicrobial stewardship
interventions in children requiring prophylaxis and assess emerging therapies, such as
fecal microbiota transplantation, to identify effective strategies for preventing recurrent
ESC-R infections.
MATERIALS AND METHODS
Setting and institutional review. This prospective surveillance study involved four freestanding
pediatric hospitals in the United States. The institutional review board at each hospital approved the
study protocol.
Subjects and study isolates. Between 1 September 2009 and 30 September 2013, participating
hospitals collected all candidate ESC-R E. coli, K. pneumoniae, and K. oxytoca isolates recovered from urine
or other normally sterile sites during routine clinical care of hospitalized and outpatient children ⬍22
years of age. Candidate ESC-R isolates included those nonsusceptible (resistant or intermediate) to
aztreonam, ceftazidime, ceftriaxone, cefotaxime, or cefepime. Each hospital used its standard clinical
microbiological methods for species identiﬁcation and susceptibility testing. Isolates were archived
at ⫺70°C and shipped to the coordinating center quarterly.
Coordinating center methods for conﬁrmation and characterization of study isolates. (i)
Overview. Upon arrival from participating laboratories, candidate resistant isolates were further evaluated at the coordinating center using standardized methods to conﬁrm species and antibiotic susceptibility and to characterize resistance phenotype and genotype as described below.
(ii) Identiﬁcation. Study isolates were identiﬁed to the species level using the Vitek card for
identiﬁcation of Gram-negative organisms (GN ID card; bioMérieux).
(iii) Antibiotic susceptibility testing. Antibiotic susceptibility was determined by disk diffusion. All
isolates were tested for susceptibility to ampicillin, amoxicillin-clavulanic acid, cefazolin, cefuroxime,
ceftazidime, ceftriaxone, cefepime, meropenem, piperacillin-tazobactam, ciproﬂoxacin, gentamicin, and
sulfamethoxazole-trimethoprim. The cephalosporin breakpoints recommended in 2010 (22) and carbapenem breakpoints recommended in 2011 (23) were applied to all candidate resistant isolates to conﬁrm
resistance.
(iv) Phenotypic characterization. The class A ESBL phenotype and class C AmpC phenotype were
identiﬁed as previously described (5, 9, 18). Carbapenem resistance was conﬁrmed in those isolates
identiﬁed as nonsusceptible to meropenem using disk diffusion as previously described (18). Control
strains included CLSI-recommended type strains E. coli ATCC 25922 and K. pneumoniae ATCC 700603, two
laboratory-characterized strains, an E. coli strain containing blaCMY-2, and a K. pneumoniae strain containing blaKPC.
(v) Resistance genotyping. Study isolates were tested by PCR using primer sets for genes encoding
common extended-spectrum cephalosporinases, including class A CTX-M, extended-spectrum TEM and
SHV, and class C CMY, DHA, and FOX as previously described (5, 9, 18, 24–27). Isolates exhibiting
phenotypic resistance to carbapenems were tested with primers for bla genes encoding class A (KPC),
class B (IMP, VIM, and NDM), and class D (OXA-48/181-like) carbapenemases as previously described (9,
18, 28). All amplicons were sequenced, and assembly and alignment of nucleotide sequences was
performed to identify all bla determinants to the variant level (e.g., CTX-M-15 versus CTX-M-14), as
previously described (5, 9, 18).
(vi) Sequence-based strain typing. To characterize clonal relatedness of ESC-R strains, PCR and
sequencing were carried out using previously described primers for fumC and ﬁmH for E. coli or for tonB
for K. pneumoniae (5, 9, 18, 29, 30).
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Deﬁnitions. “Index isolate” signiﬁes the ﬁrst ESC-R E. coli or Klebsiella sp. isolated from a patient during
the study period. “Subsequent isolate” signiﬁes an ESC-R E. coli or Klebsiella sp. isolate obtained ⱖ28 days after
any prior isolate during the study period. Our goal in choosing this 28-day window was to select a time
point when patients would have completed treatment for the prior infections and after which any
infections occurring would likely be new infections rather than a continuation of previous infections.
Subsequent isolates were classiﬁed as either concordant or discordant. “Concordant subsequent
isolate” signiﬁes an isolate where the species, fumC-ﬁmH type for E. coli or tonB type for K.
pneumoniae, and molecular resistance determinants were the same as those for the index isolate.
“Discordant subsequent isolate” signiﬁes an isolate in which any of these characteristics differed
from that of the index isolate.
Clinical data. Demographic and clinical data were collected from the medical records using a
standardized case report form. Data on complex chronic conditions expected to last at least 12 months
and require frequent or specialty medical care were collected and categorized using the strategy
developed by Feudtner et al. using International Classiﬁcation of Diseases, 9th revision (ICD-9) diagnosis
codes (31). Additionally, we added a “urological” category that included neurogenic bladder and
vesicoureteral reﬂux. For patients who contributed urine isolates, symptom and culture data (collection
method, CFU per ml, etc.) were collected. These data were used by the coordinating site to characterize
patients as likely having a UTI. Given the heterogeneity of our patient population, which included infants,
patients with neurogenic bladders, and immunocompromised patients with neutropenia, it would be
difﬁcult to develop a highly sensitive and speciﬁc deﬁnition for UTI. Therefore, patients met criteria for
likely UTI if the culture met standard microbiology lab criteria for susceptibility testing (ⱖ10,000
CFU/ml in a clean catch specimen or indwelling catheter or ⱖ1,000 CFU/ml in a straight catheter
specimen) (32) and/or the patient had symptoms of a UTI (presence of fever, abdominal/ﬂank pain,
vomiting, change in color or odor of urine, change in continence pattern, hematuria, dysuria, or
frequent/urgent urination).
Antibiotic exposure. Given the nature of the study, only antibiotic exposures in the year prior to the
index infections were collected. These exposures included all systemic (i.e., oral or intravenous) inpatient
and outpatient antibiotic treatments and prophylaxes. Outpatient treatment and prophylaxis data were
collected from pharmacy records or clinical chart notes and recorded using the case report form.
Inpatient antibiotic treatment data were obtained from the Pediatric Health Information System (PHIS)
database as previously described (5). Antibiotics were categorized as treatment or prophylaxis as
indicated in the medical record. We deﬁned “any antibiotic exposure” as receipt of any antibiotic
(whether treatment or prophylaxis). We deﬁned “prophylactic antibiotic exposure” as receipt of a
long-term prophylactic regimen of daily oral antibiotics; short courses, such as 2 to 7 day courses, for
surgical site infection prophylaxis were excluded. Prophylactic antibiotics that were administered 2 to 3
days per week (e.g., trimethoprim-sulfamethoxazole for Pneumocystis prophylaxis) were considered as
administered daily as long as the regimen continued. A breakdown of antibiotic exposures (any antibiotic
and prophylaxis) by each class and/or individual antibiotic is provided in Table S1 in the supplemental
material.
Statistical analyses. We ﬁrst described and compared demographic and clinical variables between
patients with one ESC-R infection and patients with subsequent ESC-R infections. The chi-square or Fisher
exact test was used to compare categorical variables and a Mann-Whitney U test was used for continuous
variables. Subcategories of underlying medical conditions, immunosuppressants, and indwelling devices
were initially described but were later collapsed for the multivariable model due to small sample size. An
“immunosuppression” variable was created that included diagnosis of cancer, receipt of immunosuppressants within the year prior to the index infection, or receipt of hematopoietic cell or solid organ
transplantation.
Exposures to “any” and “prophylactic” antibiotics in the 30 days prior to the index infection were
tabulated for patients with and those without subsequent infections. The impact of antibiotic exposure
was then further explored using two Cox proportional hazards models: one with any antibiotic use in the
30 days prior to the index infection (whether prophylaxis or treatment indicated) as the predictor of
interest and one limited to prophylaxis use in the 30 days prior to the index infection as the predictor
of interest. Potential confounders were chosen a priori using a conceptual framework (see Fig. S1) and
included immunosuppression, underlying medical condition, indwelling device, and previous hospitalization.
We also described and compared microbiological and molecular characteristics of index isolates
between patients with one ESC-R infection and patients with subsequent ESC-R infections. Descriptive
statistics for resistance phenotypes, molecular resistance determinants, and fumC-ﬁmH type (E. coli) or
tonB type (K. pneumoniae) were tabulated and summarized. The associations between dichotomous
variables were evaluated using chi-square or Fisher exact tests.
Finally, we compared the microbiological and molecular characteristics of subsequent ESC-R isolates
with those of index isolates. The duration between the index and ﬁrst subsequent infections was also
described. All statistical analyses were performed using Stata (version 12.1; StataCorp, College
Station, TX).
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AAC.02656-16.
SUPPLEMENTAL FILE 1, PDF ﬁle, 0.5 MB.
May 2017 Volume 61 Issue 5 e02656-16

aac.asm.org 8

Recurrent Resistant Enterobacteriaceae Infections

Antimicrobial Agents and Chemotherapy

REFERENCES
1. Dayan N, Dabbah H, Weissman I, Aga I, Even L, Glikman D. 2013. Urinary
tract infections caused by community-acquired extended-spectrum
beta-lactamase-producing and nonproducing bacteria: a comparative
study. J Pediatr 163:1417–1421. https://doi.org/10.1016/j.jpeds.2013.06
.078.
2. Jhaveri R, Bronstein D, Sollod J, Kitchen C, Krogstad P. 2008. Outcome of
infections with extended spectrum beta-lactamase producing organisms
in children. J Pediatr Infect Dis 3:229 –233. https://doi.org/10.1055/s
-0035-1556994.
3. Megged O. 2014. Extended-spectrum beta-lactamase-producing bacteria
causing community-acquired urinary tract infections in children. Pediatr
Nephrol 29:1583–1587. https://doi.org/10.1007/s00467-014-2810-y.
4. Tsai MH, Chu SM, Hsu JF, Lien R, Huang HR, Chiang MC, Fu RH, Lee CW,
Huang YC. 2014. Risk factors and outcomes for multidrug-resistant
Gram-negative bacteremia in the NICU. Pediatrics 133:e322–9. https://
doi.org/10.1542/peds.2013-1248.
5. Zerr DM, Miles-Jay A, Kronman MP, Zhou C, Adler AL, Haaland W,
Weissman SJ, Elward A, Newland JG, Zaoutis T, Qin X. 2016. Previous
antibiotic exposure increases risk of infection with extended-spectrumbeta-lactamase- and AmpC-producing Escherichia coli and Klebsiella
pneumoniae in pediatric patients. Antimicrob Agents Chemother 60:
4237– 4243. https://doi.org/10.1128/AAC.00187-16.
6. Logan LK, Braykov NP, Weinstein RA, Laxminarayan R, CDC Epicenters
Prevention Program. 2014. Extended-spectrum beta-lactamaseproducing and third-generation cephalosporin-resistant Enterobacteriaceae in children: trends in the United States, 1999-2011. J Pediatric Infect
Dis Soc 3:320 –328. https://doi.org/10.1093/jpids/piu010.
7. Qin X, Zerr DM, Weissman SJ, Englund JA, Denno DM, Klein EJ, Tarr PI,
Kwong J, Stapp JR, Tulloch LG, Galanakis E. 2008. Prevalence and mechanisms of broad-spectrum beta-lactam resistance in Enterobacteriaceae:
a children’s hospital experience. Antimicrob Agents Chemother 52:
3909 –3914. https://doi.org/10.1128/AAC.00622-08.
8. Blaschke AJ, Korgenski EK, Daly JA, LaFleur B, Pavia AT, Byington CL.
2009. Extended-spectrum beta-lactamase-producing pathogens in a
children’s hospital: a 5-year experience. Am J Infect Control 37:435– 441.
https://doi.org/10.1016/j.ajic.2008.09.019.
9. Zerr DM, Qin X, Oron AP, Adler AL, Wolter DJ, Berry JE, Hoffman L,
Weissman SJ. 2014. Pediatric infection and intestinal carriage due to
extended-spectrum-cephalosporin-resistant Enterobacteriaceae. Antimicrob Agents Chemother 58:3997– 4004. https://doi.org/10.1128/AAC
.02558-14.
10. Logan LK, Meltzer LA, McAuley JB, Hayden MK, Beck T, Braykov NP,
Laxminarayan R, Weinstein RA. 2014. Extended-spectrum ␤-lactamaseproducing Enterobacteriaceae infections in children: a two-center casecase-control study of risk factors and outcomes in Chicago, Illinois. J
Pediatric Infect Dis Soc 3:312–319. https://doi.org/10.1093/jpids/piu011.
11. Lee CH, Su LH, Chen FJ, Tang YF, Chien CC, Liu JW. 2015. Clinical and
microbiologic characteristics of adult patients with recurrent bacteraemia caused by extended-spectrum beta-lactamase-producing Escherichia coli or Klebsiella pneumoniae. Clin Microbiol Infect 21:
1105.e1–1105.e8. https://doi.org/10.1016/j.cmi.2015.07.025.
12. Espinar MJ, Miranda IM, Costa-de-Oliveira S, Rocha R, Rodrigues AG,
Pina-Vaz C. 2015. Urinary tract infections in kidney transplant patients
due to Escherichia coli and Klebsiella pneumoniae-producing extendedMay 2017 Volume 61 Issue 5 e02656-16

13.

14.

15.
16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

spectrum beta-lactamases: risk factors and molecular epidemiology.
PLoS One 10:e0134737. https://doi.org/10.1371/journal.pone.0134737.
Le Saux N, Pham B, Moher D. 2000. Evaluating the beneﬁts of antimicrobial prophylaxis to prevent urinary tract infections in children: a
systematic review. CMAJ 163:523–529.
Williams G, Craig JC. 2011. Long-term antibiotics for preventing recurrent urinary tract infection in children. Cochrane Database Syst Rev
3:CD001534. https://doi.org/10.1002/14651858.CD001534.pub3.
Reference deleted.
Cheng CH, Tsai MH, Huang YC, Su LH, Tsau YK, Lin CJ, Chiu CH, Lin TY.
2008. Antibiotic resistance patterns of community-acquired urinary tract
infections in children with vesicoureteral reﬂux receiving prophylactic
antibiotic therapy. Pediatrics 122:1212–1217. https://doi.org/10.1542/
peds.2007-2926.
Bodro M, Sanclemente G, Lipperheide I, Allali M, Marco F, Bosch J, Cofan
F, Ricart MJ, Esforzado N, Oppenheimer F, Moreno A, Cervera C. 2015.
Impact of antibiotic resistance on the development of recurrent and
relapsing symptomatic urinary tract infection in kidney recipients. Am J
Transplant 15:1021–1027. https://doi.org/10.1111/ajt.13075.
Zerr DM, Weissman SJ, Zhou C, Kronman MP, Adler AL, Berry JE, Rayar J,
Myers J, Haaland W, Burnham CA, Elward A, Newland J, Selvarangan R,
Sullivan KV, Zaoutis TE, Qin X. 2017. The molecular and clinical epidemiology of extended-spectrum cephalosporin- and carbapenemresistant Enterobacteriaceae at 4 US pediatric hospitals. J Ped Infect Dis
Soc. 2017:piw076. https://doi.org/10.1093/jpids/piw076.
Thaden JT, Fowler VG, Sexton DJ, Anderson DJ. 2016. Increasing incidence of extended-spectrum beta-lactamase-producing Escherichia coli
in community hospitals throughout the southeastern United States.
Infect Control Hosp Epidemiol 37:49 –54. https://doi.org/10.1017/ice
.2015.239.
Banerjee R, Johnston B, Lohse C, Porter SB, Clabots C, Johnson JR. 2013.
Escherichia coli sequence type 131 is a dominant, antimicrobial-resistant
clonal group associated with healthcare and elderly hosts. Infect Control
Hosp Epidemiol 34:361–369. https://doi.org/10.1086/669865.
Johnson JR, Thuras P, Johnston BD, Weissman SJ, Limaye AP, Riddell K,
Scholes D, Tchesnokova V, Sokurenko E. 2016. The pandemic H30 subclone of Escherichia coli sequence type 131 is associated with persistent
infections and adverse outcomes independent from its multidrug resistance and associations with compromised hosts. Clin Infect Dis 62:
1529 –1536. https://doi.org/10.1093/cid/ciw193.
Clinical and Laboratory Standards Institute. 2010. Performance standards
for antimicrobial susceptibility testing; 20th informational supplement.
M100-S20. Clinical and Laboratory Standards Institute, Wayne, PA.
Clinical and Laboratory Standards Institute. 2011. Performance standards
for antimicrobial susceptibility testing; 21st informational supplement.
M100-S21. Clinical and Laboratory Standards Institute, Wayne, PA.
Barroso H, Freitas-Vieira A, Lito LM, Cristino JM, Salgado MJ, Neto HF,
Sousa JC, Soveral G, Moura T, Duarte A. 2000. Survey of Klebsiella
pneumoniae producing extended-spectrum beta-lactamases at a Portuguese hospital: TEM-10 as the endemic enzyme. J Antimicrob Chemother 45:611– 616.
Batchelor M, Hopkins K, Threlfall EJ, Clifton-Hadley FA, Stallwood AD,
Davies RH, Liebana E. 2005. bla(CTX-M) genes in clinical Salmonella
isolates recovered from humans in England and Wales from 1992 to
aac.asm.org 9

Downloaded from http://aac.asm.org/ on April 25, 2017 by Washington University in St. Louis

ACKNOWLEDGMENTS
This work was supported by the National Institute of Allergy and Infectious Disease
at the National Institutes of Health (R01AI083413), by the University of Washington
School of Medicine Medical Student Research Training Program, and by the Infectious
Diseases Society of America Medical Scholars Program.
C.-A.D.B. has received research funding from bioMérieux, Accelerate Diagnostics,
Theravance, and Cepheid. S.J.W. and J.G.N. have received grant salary support from the
Pﬁzer Medical Education Committee and the Joint Commission as a site Principal
Investigator to study the role of administrative data in Antimicrobial Stewardship. T.Z.
has received research funding from Merck and Cubist and is a consultant for Merck. All
other authors report no conﬂicts.

Das et al.

May 2017 Volume 61 Issue 5 e02656-16

29. Diancourt L, Passet V, Verhoef J, Grimont PA, Brisse S. 2005. Multilocus
sequence typing of Klebsiella pneumoniae nosocomial isolates. J Clin
Microbiol 43:4178 – 4182. https://doi.org/10.1128/JCM.43.8.4178-4182
.2005.
30. Weissman SJ, Johnson JR, Tchesnokova V, Billig M, Dykhuizen D, Riddell
K, Rogers P, Qin X, Butler-Wu S, Cookson BT, Fang FC, Scholes D,
Chattopadhyay S, Sokurenko E. 2012. High-resolution two-locus clonal
typing of extraintestinal pathogenic Escherichia coli. Appl Environ Microbiol 78:1353–1360. https://doi.org/10.1128/AEM.06663-11.
31. Feudtner C, Christakis DA, Connell FA. 2000. Pediatric deaths attributable
to complex chronic conditions: a population-based study of Washington
State, 1980-1997. Pediatrics 106:205–209.
32. Garcia LS (ed). 2010. Clinical microbiology procedures handbook, 3rd ed.
American Society for Microbiology, Washington, DC.

aac.asm.org 10

Downloaded from http://aac.asm.org/ on April 25, 2017 by Washington University in St. Louis

2003. Antimicrob Agents Chemother 49:1319 –1322. https://doi.org/10
.1128/AAC.49.4.1319-1322.2005.
26. Perez-Perez FJ, Hanson ND. 2002. Detection of plasmid-mediated AmpC
beta-lactamase genes in clinical isolates by using multiplex PCR. J Clin
Microbiol 40:2153–2162. https://doi.org/10.1128/JCM.40.6.2153-2162
.2002.
27. Yan JJ, Wu SM, Tsai SH, Wu JJ, Su IJ. 2000. Prevalence of SHV-12 among
clinical isolates of Klebsiella pneumoniae producing extended-spectrum
beta-lactamases and identiﬁcation of a novel AmpC enzyme (CMY-8) in
Southern Taiwan. Antimicrob Agents Chemother 44:1438 –1442. https://
doi.org/10.1128/AAC.44.6.1438-1442.2000.
28. Nordmann P, Naas T, Poirel L. 2011. Global spread of carbapenemaseproducing Enterobacteriaceae. Emerg Infect Dis 17:1791–1798. https://
doi.org/10.3201/eid1710.110655.

Antimicrobial Agents and Chemotherapy

